It is shown that it is possible to construct a theory of the electron with an extended charge distribution in a Lorentz invariant way by introducing a four-dimensional form function. The electromagnetic field quantities reduce to those given by the ordinary theory at distances large compared with the electron radius r0, but remain finite on the world line. The equations of motion, after elimination 'of the self field, become integro -differential equations. In the case of small accelerations an expansion in powers of r0 similar to that of Lorentz is obtained, in which only odd powers of r0 occur. The first term endows the electron with a mass com ponent of electromagnetic origin. For accelerations small compared with the characteristic frequency l/r 0 of the electron, the Lorentz-Dirac equations are a good approximation; for larger accelerations, higher terms become important. 1
In the ordinary classical theory of the point electron, difficulties arise when the reaction of the field generated by the electron itself on its motion is considered, as the field of an electron is singular on its world line. It was shown by Lorentz that if an electron of finite radius were taken, then these difficulties were avoided. On this theory, an account of which is given by Heitler (1944), the effect of the self force in the equations of motion can be expanded in ascending powers of the electron radius. The leading term is one giving the electron an electromagnetic mass pro portional to the reciprocal of the electron radius. The second term is structure independent and represents the damping of the motion due to loss of energy by radiation. The remaining terms are proportional to positive powers of the electron radius and contain as coefficients the higher derivatives of the acceleration; if they are neglected and the electromagnetic mass incorporated in the experimental mass of the electron, approximate equations which include the effect of radiation damping are obtained.
The Lorentz theory is unsatisfactory because it is n ot relativistically invariant. If, however, w e proceed to th e lim it when th e electron radius becomes zero, and com pensate th e resulting infinite electrom agnetic m ass b y a negative infinite m ass o f some other origin, then the higher term s disappear and the approxim ate Lorentz equations can be considered as exact. A s term s involving the electron structure have been elim inated, th e theory is then invariant. Dirac (1938) has, in fact, shown b y a more rigorous treatm ent, based on energy conservation, th at these equations could be considered to hold exactly for a point electron w ithout restrictions on the m otion. T hey do not, however, leajd to physically sensible results (Eliezer 1947). Generalizations o f the Dirac theory, as discussed b y Eliezer (1947), in which the equations contain term s additional to the damping term do n ot rem ove these difficulties.* Consequently it seems worth while to return to th e Lorentz m odel and try to introduce a param eter corresponding to the radius o f th e electron in an invariant w ay. This is done in the present paper where a theory, due to Professor Peierls, is exam ined. In the present theory the first tw o terms of the Lagrangian are unchanged, but the interaction term is replaced by the double integral
. T h e f u n d a m e n t a l e q u a t i o n s o f t h e t h e
(2-5)
Thus the interaction depends not on the product o f the potentials and the chargecurrent density at the same space-tim e point, but on the product o f the two quan tities at different points w ith a weight factor which, to be relativistically invariant, can be a function only of the invariant distance between the two points. We suppose this averaging factor to be large only when the distance is small, and to fall rapidly to zero when the distance much exceeds a quantity r0. In this w ay we have introduced a parameter corresponding to the radius of an electron in relativistic fashion. Inserting expression (2-4) for the charge-current density in (2*5) and integrating over x ', the variation principle of the theory can be written
(2-7)
Comparing (2*6) with (2*3) we see that the present theory is equivalent to endowing the electron with an effective extended charge-current density, given by J*(x) = e f «><(«) F J -00 That this is the right sort of behaviour can be seen by considering the expression for the effective charge-current density (2*8). From -oo to the retarded point, R2 is positive. I t is zero at the retarded point, and negative along the part of the world line lying between the retarded and advanced points. I f the point at which the charge density is being considered lies at a distance very large compared with the parameter r0 from the world line, R2 goes from a large positive value to a large 326 H. McManus negative value in a short distance of the order of magnitude r0 along the world line through the retarded point. Thus F (R2) falls to a very s the retarded point, and, if it is an odd function, is roughly equal and opposite on each side of the light cone. Consequently in an integral like (2-8), at large distances from the world line, the contributions from points in the vicinity of the light cones, where F is appreciable, largely cancel, and the resultant charge-current density is negligible except for points whose spatial and temporal distances are separately within a distance of the order of magnitude r0 from the world line.
As an example we could take
This can be shown (cf. § 3*2) to satisfy the normalization condition. It is an odd function of R2,and very small for j R2 | > of the function is shown in figure 1. It is zero at 0, ± , and has maxima at Y = ± |(3 ± ^6), the secondary maximum being about fifty times weaker than the primary.
C la ssica l electro d yn a m ics w ith o u t sin g u la r itie s

327
+ ve , by (4-12) , equal to me when a is infinite, and is zero when a is zero. Consequently it takes on all values from 0 to me as a is varied, and (4*16) always has a solution for a. In this case, runaway solutions of the hyperbola type would exist. In the limiting case in which the entire mass is of electromagnetic origin, a = 0, and the sohition reduces to motion along the light cone. In the other limiting case in which r0 approaches zero so that me is infinite, and m is negative and infinite such that their difference is finite, the solution degen erates into that of motion with constant velocity.
. T h e e l e c t r o m a g n e t i c p o t e n t i a
We suppose in the present theory that m is always positive, so that the above is only of interest in demonstrating the effect of the integral term in a simple hypo thetical case. Here the magnitude of the integral term is always less than mja, whereas the first term in the expansion of the integral is equal to mja, so that the total integral is numerically less than the first term in the expansion. There is no reason to believe that this would be true for other types of path, and the question of the effect of the integral term must be left for further investigation.
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The writer would like to express his thanks to Professor Peierls for suggesting the elaboration of an idea of his, which forms the basis o f the present paper, and for constant advice and encouragment in the prosecution of the work. He also wishes to thank the Department of Scientific and Industrial Research for granting a Senior Research Award which enabled him to carry out the investigation. The problem of metallic conduction at high frequencies and low temperatures, recently discussed by Fippard, is reformulated using the general methods of the theory of metals, and exact solutions are obtained which are valid for all frequencies and temperatures. It is shown that, for large values of the free path of the conduction electrons, the electric field is propagated through the metal as a 'surface wave' which differs considerably from the classical exponential solution.
The temperature variation of the surface impedance in the microwave region is considered in detail. Pippard's simplified theory is shown to be qualitatively correct, and a quantitative discussion of his experimental results is given.
The frequency variation of the surface impedance at low temperatures is also discussed, and it is shown that relaxation effects are negligible in the microwave region but become important in the infra-red and eventually restore the validity of the classical theory. The theory predicts that, as the frequency is increased, the reflexion coefficient of metals passes through a minimum in the far infra-red. 
